nulae in place were attempted.
If either the pancreas is removed before placement of the cannulae, or the cannulae are attached to the veins before removal of the pancreas, the connective tissue reaction which follows the first operation makes the second extremely difficult.
Placing the cannulae at the same time the pancreas was removed was not at first successful, for healing was poor and the cannulae tended to pull loose. However, by employing Vitallium cannulae and giving the animals 2 grams of sulfathiazole per day in divided doses it was possible to obtain a high percentage of successes. Our best results were obtained by carrying out the usual preliminary operation of scarifying the portal and hepatic veins, and sewing to them patches of omentum. Then 2 to 3 weeks after this first operation the pancreas was removed, taking care to pick off all remnants of pancreatic tissue, and the cannulae were sewed to the patches on the veins and brought out through individual stab wounds (or the hepatic vein cannula may be brought out through the upper end of the right rectus incision). Sulfanilamide or sulfathiazole, one gram twice daily, was then given until healing was complete (usually 10 days). As in all experiments on angiostomized animals, the dogs were not used until 2 to 3 weeks after the second operation, at which time small samples of blood were withdrawn at frequent intervals until the animals were accustomed to the procedure and would lie quietly on the table.
The immediate postoperative care of the depancreatized dogs included the feeding of milk and the administration of small doses of insulin. Within a few days they were placed on a diet of fresh beef heart, raw pancreas, Karo syrup, and Pu rina checkers. Daily determinations of urine sugar were made, and the insulin so regulated that only 1 or 2 grams of glucose per day appeared in the urine; as a rule, separate injections of protamine-zinc and regular insulin were made once daily. When the animals seemed vigorous and well and were stable as to urine glucose excretion, both food and insulin were withdrawn and determinations of hepatic blood flow and hepatic glucose output were made at intervals up to the 7th day of fasting and insulin deprivation.
During the experimentation period, the urine glucose determinations were made by the method of Shaffer and Somogyi (5). All other techniques and chemical methods were the same as those previously used to determine the rate of glucose production by the liver in normal dogs (4).
RESULTS.
The data from 15 determinations of blood flow and glucose output in the diabetic dogs are presented in table 1. Observations were made at various intervals following the withdrawal of food and insulin, so that we might observe the development of the diabetic state. A distinction must be made between the period during which the diabetic state is developing as the amount of insulin decreases, and the later stable state attained after the depots of insulin have been exhausted. Since the action of protamine zinc insulin persists for about 42 hours (6), we have averaged separately the observations made during the first 2 days after withdrawal of food and insulin, and those made 3 or more days after withdrawal. The hepatic blood flow of the diabetic dog 3 or more days after withdrawal is, on the average, slightly greater than that of the normal animal when the data from fourth day in second series of dog 4) of 6.6 and 5.1 liters/kilo/hour, the urine urea was extraordinarily high in the first and the difference in urea concentration between inflowing and outflowing blood was unusually low in the second. In both of these experiments the calculation of glucose output in terms of milligrams per kilo per hour gives reasonable figures, which makes it appear probable that the high blood >flow estimations are not the result of technical errors.
The liberation of glucose by the liver is with few exceptions within the range previously observed in normal dogs, whether expressed in terms of milligrams of glucose added to each 100 ml. of blood or in terms of glucose liberated per kilo per hour.
The greatest hepatic glucose output in any normal animal was 231 mgm./kilo/hour (4), which was exceeded in only 3 out of the 15 experiments on diabetic dogs and in none of the experiments made after more than 3 days without food and insulin. The average value for hepatic glucose output in 19 experiments on normal dogs was 122 =f= 12.2 mgm./kilo which is not significantly different, statistically, from the average for all diabetic dogs of 158 A 16.9, and is even closer to the average value for diabetic animals that have gone 3 or more days without food or insulin (137 zt 17.0).
In table 2 the amounts of glucose liberated by the liver in the diabetic animal are compared with the glucose appearing in the urine, the urine samples being those on which urea N output was also determined for calculation of blood flow, and The difference between hepatic glucose output and glucose lost in urine averages 44.5 =t 13.5 mgm./kilo/hour, and is obviously the amount of glucose retained and presumably oxidized. The large variations in the proportion of the bepatic output that appears in the urine are not surprising, since no attempt was made to control rate of urine formation. The significance of the average figure for glucose retention by the body is revealed, however, by statistical analysis and comparison to the average hepatic glucose output in normal dogs where retention is of course equal to hepatic output l The difference between the retention in diabetic and normal dogs is 77.3 & 18.2 mgm./kilo/hour, giving a t of 4.2, which would occur by chance less than 1 time in a thousand.
It is evident that definitely less of the glucose formed by the liver is utilized by the diabetic than by the normal dog.
There is some tendency for the hepatic glucose output to be higher during the first 2 days after withdrawal of food and insulin, and to fall thereafter. This is especially well illustrated by the first experiment on dog 2, tables 1 and 2. However, the difference between the average hepatic glucose output on the first and second days after withdrawal (214 mgm./kilo/hour) and the average output on and after the third day (137 mgm./kilo/hour) is only slightly more than twice its standard error (t = 2.2, P = O.O5), and therefore is only probably significant. The data may be regarded as suggesting, but not demonstrating, the existence of overproduction during the development of the diabetic state. DJSCUSSION. It is possible that data from a larger series might validate the 12 per cent greater glucose production by the liver of the diabetic (3 or more days without food and insulin) dog as compared with the normal, but calculation indicates that the number of animals required to settle fh& point would be prohibitive.
Furthermore, statistical analysis shows that the greatest overproduction which may conceivably occur (assuming the average hepatic glucose output to be too low by 3 times its standard error) would still not account for the glucose lost in the urine. Even on the basis of this most unlikely assumption, therefore, overproduction by the liver can not be responsible for the phenomena of the diabetic state.
It is probable that overproduction by the liver is not even a significant factor.
Only the possibility that there is an appreciable extrahepatic production of glucose in the diabetic dog prevents us from coming to the definite conclusion that there is a serious impairment of glucose utilization in this animal. We are the more inclined to consider such a possibility because the glucose remaining after suberaction of the urine loss from the hepatic output is not sufficient to meet the probable requirement of those tissues known to utilize glucose in the absence of insulin. Since the demonstration by Himwich and Nahum (7, 8 ) that its R.Q. is nearly unity in both normal and diabetic dogs, manv further observations have confirmed the almost exclusive utilization of glucoseby brain under a variety of conditions. The glucose requirement of the brain may be estimated at about 50 mgm./kilo/hour.
We have shown that the gastrointestinal tract continues to remove glucose from the blood in these diabetic dogs (9), and have estimated the rate of removal at 48 mgm./kilo/hour.
If these HEPATK!   GLUCOSE  PRODUCTION  IN DIABETES  MELLITUS   317 estimates are reasonably accurate, the fraction of the hepatic production that remains in the body is not adequate for the needs of these tissues. Roberts and Samuels (10) have shown that the kidney of the fasting, but not the fed, rat adds glucose to the blood. Bergman and Drury (11) have found that the amount of glucose needed to maintain the blood sugar level of the eviscerated nephrectomized rabbit is higher (an average value for the increase can not be deduced from their report) than that of the animal that is only eviscerated. They attribute the increase in the nephrectomized animal to retention of some substance normally excreted by the kidney and which when "dammed back in the body causes a marked increase in glucose requirement".
It seems equally possible that the increase is due to removal of an organ which previously added glucose to the blood. In the absence of more complete information concerning extraphepatic glucose production it is patently impossible to draw up a balance sheet of glucose production and utilization.
The possibility that the kidney as well as the liver of the diabetic dog carries out the process of gluconeogenesis must be considered.
However, it seems unlikely that any extrahepatic tissue could supplement the hepatic glucose output by a quantity sufficient to constitute overproduction or even to supply the skeletal muscles with any appreciable fraction of their metabolic requirement. In this connection, the reports that in human and experimental diabetes the arterio-venous glucose differences are reduced or absent even after glucose administration (12, 13, 14, 15, 16, 17, 18, 19) are significant. The absence of any appreciable difference has been observed consistently by all those who have studied severely diabetic patients or animals, but has not received the attention it deserves.
Cavett and Seljiskog (20) are the only authors who find A-V differences in diabetics comparable to those of normal individuals, though the incompleteness of the diabetic state in their patients is indicated by the fact that the blood sugar was higher than 180 mgm./lOO ml. in only 1 instance, and their results are therefore of questionable value.
The suggestion inherent in our data that overproduction may be occurring during the development of the diabetic state requires little comment.
It seems reasonable to suppose that as the available insulin supply is decreasing and the blood sugar level rising the liver temporarily increases its output, but further evidence will be needed to establish the existence of this phenomenon.
The fact that 32 per cent of the glucose produced by the liver is not excreted in the urine obviously provides a further basis for criticism of the classical interpretation of the G:N ratio. If corrected for the glucose utilized by the body, the ratio of 2.8, which some have regarded as typical of the depancreatized dog, becomes 4.0. However, in view of the demonstrated utilization of glucose by brain and gastrointestinal tract in diabetes, and the present evidence that the fraction of glucose retained is appreciable, the ratio of glucose to nitrogen in the urine appears to be meaningless. 2. The average hepatic glut 'ose output of the diabetic dog is 12 per cent than that of the normal; this difference is not statistically significant. higher 3. The proportion of the hepatic glucose output retained by the diabetic dog (hepatic output minus urine glucose) is 36 per cent of the hepatic output of normal dogs and 32 per cent of that of the diabetic animal itself.
4. The retained fraction of the hepatic glucose output does not appear to be adequate to supply the glucose used by brain and gastrointestinal tract, both of which continue to remove glucose in the diabetic state. Extrahepatic glucose production, possibly by the kidney, is suggested.
5. The fact that 32 per cent of the glucose produced by the liver is utilized by the body invalidates the classical interpretation of the urinary G:N ratio.
